To study the tensile mechanical properties of sprayed FRP, 13 groups of specimens were tested through uniaxial tensile experiments, being analyzed about stress-strain curve, tensile strength, elastic modulus, breaking elongation, and other mechanical properties. Influencing factors on tensile mechanical properties of sprayed FRP such as fiber type, resin type, fiber volume ratio, fiber length, and composite thickness were studied in the paper too. The results show that both fiber type and resin type have an obvious influence on tensile mechanical properties of sprayed FRP. There will be a specific fiber volume ratio for sprayed FRP to obtain the best tensile mechanical property. The increase of fiber length can lead to better tensile performance, while that of composite thickness results in property degradation. The study can provide reference to popularization and application of sprayed FRP material used in structure reinforcement.
Introduction
Fiber reinforced polymers (FRP) composite materials have been largely used as strengthening and rehabilitation materials for decades in civil engineering. The main forms of these materials are sheet and plate, which are usually externally bonded on the surfaces of structure members. These materials have been proven to be very efficient and convenient in structure strengthening due to their high strength-to-weight ratio with excellent corrosion resistance [1] [2] [3] [4] [5] . But there are still some disadvantages in the use of external bonded FRP. The first is that the interfacial debonding between FRP sheet or plate and structure member will occur for the degradation of the bonding quality, which will lead to a premature failure of FRP [6] [7] [8] [9] [10] [11] [12] [13] . Although some anchorage devices or mechanical strategies have been studied to delay such kind of debonding failure, this method will make the construction process more difficult. The second is that the ultimate strain of FRP sheets or plates used in structure strengthening cannot reach the ultimate strain in the material tensile test, which means the high strength of FRP sheets or plates cannot be fully used [14] [15] [16] . The third is that the external bonding method of FRP sheets or plates will be hardly conducted in some structure members such as beam-column joints, which cannot provide enough flat surfaces for FRP to be pasted continuously and the core areas of which are difficult for such forms of FRP to wrap efficiently [17] [18] [19] [20] [21] [22] .
To solve the abovementioned problems, the advanced strengthening method using sprayed FRP consisting of randomly oriented reinforcing fibers in a matrix has been suggested. Spray operation was conducted through special equipment ( Figure 1 ). Resins were transferred to a spray gun and sprayed onto the structure surface. Simultaneously, fiber filaments were chopped to short ones in the spray gun and sprayed onto the structure surface, mixed with the resins. Then, the sprayed FRP material can be formed continuously on the structure surface. This kind of FRP has some advantages compared with the external bonded ones. Firstly, when being used on an uneven concrete surface, external bonded FRP needs some material to level the surface, and then the resin is used to bond the FRP and the leveled substrate. Thus, there are resins, leveling materials, and concrete substrate bonded together. This will increase the debonding possibility and make the application process complicated. While using sprayed FRP, the sprayed FRP material can level the surface as well, and thus there are only sprayed materials and concrete substrates that are bonded together and decrease the debonding possibility. The application process is simpler as well without a special leveling process [23] . Secondly, when being used to reinforce a beam-column joint, multilayers of external bonded FRP are required to be bonded on the joint along a different loading direction, which makes the application process much complicated and difficult to assure the construction quality. While using the sprayed FRP, the construction process can be much easier than external bonded method due to the spraying method.
In 2000, sprayed FRP was used for the first time to strengthen the reinforced concrete beams by Boyd. The study showed that the flexural reinforcing effect of sprayed glass FRP was similar to that of FRP fabric wrap or plate bonding onto the beams, while the shear strengthening effect of sprayed FRP was better than other techniques [24] . In 2004, Lee and Hausmann investigated the load capacity, ductility, and energy absorption aspect of RC beams retrofitted with sprayed FRP. The study showed that sprayed FRP was capable of substantially increasing the performance of the beams and was effective in repairing damaged RC beams [25] . Then, Soleimani SM studied sprayed FRP in the shear strengthening and enhancement of impact resistance of reinforced concrete beams [26] . Boyd et al. studied sprayed FRP used in prestressed concrete girders [27] . Ha et al. studied the bond characteristics of sprayed FRP composites bonded to concrete substrate considering various concrete surface conditions [28] . Though the studies above got satisfying results, the use of sprayed FRP for structure strengthening has never been fully investigated.
This paper is written to study the tensile properties and influencing factors of sprayed FRP. A series of specimens of sprayed FRP were tested through tensile experiments. Tensile strength, elastic modulus, breaking elongation, and Poisson ratio of the specimens were studied through the tests. And fiber type, resin type, fiber length, fiber volume ratio, composite thickness, and specimen cutting orientation were compared as influencing factors in the paper too. The results can provide theoretical basis for tensile property calculation and actual application of sprayed FRP.
Tensile Tests

Specimens and Experiment
Method. In this paper, 3 types of fiber, which are glass fiber, carbon fiber, and basalt fiber, and 2 kinds of resin, which are vinyl ester resin (901) and unsaturated polyester resin (196), were used to make sprayed FRP specimens. The fiber yarns and resins used in the study are shown in Figures 2 and 3 . The properties of the fibers and resins are shown in Tables 1 and 2 , where the values were obtained from material suppliers. The special equipment used to conduct the spraying process is shown in Figure 1 .
The specimens of sprayed FRP were designed in accordance with the shape recommended by Boyd [24] because no specific test method has been published by ASTM so far. However, the dimensions have been changed a little considering the length of the chopped fibers and the fit for the experiment equipment. The detailed dimensions of the actual specimens are shown in Figure 4 , in which all dimensions are in millimeters (mm).
The fabrication process of the tensile specimens was divided into several steps. Firstly, a 1000 mm × 800 mm rectangle glass plate was put on the flat ground with a thin sheet of polyethylene terephthalate paved on it to prevent the adhesion of resin and glass. Then, the chopped fibers and resins were sprayed onto the glass plate to form a sprayed FRP plate. After spraying, a ribbed aluminum compaction roller was used to eliminate the entrapped air voids and make the composite thickness consistent. After hardening, the sprayed FRP plate can be removed from the glass plate and the polyethylene terephthalate sheet can be peeled off. Then, the sprayed FRP plate was cured for seven days in open air at 25 ∘ C. After that, the plate was polished and cut to the designed dimensions. In order to study the isotropic behavior of this sprayed composite, the specimens were cut from the plate in three different orientations, shown in Figure 5 .
There are 13 groups of specimens fabricated in the tensile test to study the tensile properties and influencing factors of sprayed FRP material. Each group has 6 specimens to compare the test results and the influencing factors are (1000 mm × 800 mm) Figure 5 : Specimen cutting orientation.
Figure 6: 13 groups of specimens.
considered as fiber type, resin type, fiber volume ratio, fiber length, and composite thickness in the paper. The specimen plan is shown in Table 3 and the pictures of the 13 specimen groups are shown in Figure 6 . The composite thickness was controlled by using some plastic plates surrounding the rectangle glass plate on the ground, and the required thickness was marked on the plastic plates, and then the mark could be used to control the composite thickness when spraying. Some concrete blocks were used to fix the plastic plates and prevent deformation. In addition, after cutting the specimens, the thickness of each specimen was measured at both sides of the middle section. The measurement errors were observed to be below 3% for all specimens, which indicated that the actual thickness met well the designed value.
The fiber length can be easily controlled by adjusting the chopped unit. The fiber volume ratio can be well controlled by adjusting the spraying speed of chopped fibers and resins, respectively, as well. It was observed that error percentages were both lower than 3%, which could meet the design requirements well. The tensile tests were conducted using a hydraulic pressure universal testing machine, which is shown in Figure 7 . In the middle of every tensile specimen, 2 strain gauges in horizontal and vertical direction, respectively, were bonded on the specimen surface to measure the strain of the composite during loading process through a strain gauge system. The loading speed was set to be 2 mm/min in accordance with Chinese code GB/T1447 (2005) [29] .
Test Results
Failure Mode.
Through the observation of failure processes of the specimens, all the 13 groups of specimens are similar in failure mode. The failure process can be divided Advances in Materials Science and Engineering 5 into 3 stages. In the first stage, the stress in the composite increased quickly with the increase of tensile load, while strain increased slowly. It was observed that there are no signs of cracking or debonding inside the specimens, which always appeared like some small white lines. In the second stage, initial crack could be observed. The strain in composite increased fast, while stress increased slowly. Cracks usually started at the edge of the composite and progressed rapidly to the center. Fracture always began in resin and then debonding occurred between fiber and resin, which made the fiber pull out of the resin and led to crack development. In the third stage, the specimen reached the ultimate load. The stress began to decrease rapidly and strain increased a little. Through cracks were formed ( Figure 8 ) and resulted in a total failure of the specimens. Some fibers along the through cracks were pulled out and some still remained in the resin ( Figure 9 ). There were 3 main modes for the through cracks, which are shown in Figure 10 .
Stress-Strain Relationship.
The tensile stress of sprayed FRP can be calculated by dividing the load value by the cross-sectional area of the specimen. The strain of sprayed FRP can be collected automatically by the strain gauge system. Thus, the experimental stress-strain relationship can be achieved. The relationship curves of the 13 groups are very similar and 3 groups of them are shown as examples in Figure 11 , from which we can see the 3 stages of the failure process clearly. From Figure 11 , we can see that, in the first stage, fibers and resins were working together to bear the tensile load, no cracking or debonding appeared, the strain increased slower than stress, and the first stage of the curve was formed. While the initial cracks appeared, some resins ruptured and debonding between fibers and resins appeared. The deformation of specimens increased more quickly than the loads, and thus the second stage of the curve was formed. When the cracks developed, more and more resins ruptured, the loads were mainly borne by fibers until reaching the bearing capacity, and the ultimate stress of specimens was reached. Then, the stress started to decrease and strain continued to increase. The third stage of the curve was formed. So, the sprayed FRP composites showed a trilinear constitutive behavior. 
Tensile Mechanical Properties of Sprayed FRP.
Through the data gained from the tensile experiment, several tensile mechanical properties can be achieved using the calculation method recommended in Chinese code GB/T1447 (2005) [29] , as shown in Table 4 . Due to the difficulty in obtaining the actual initial modulus, the values of elastic modulus reported in Table 4 referred to a secant modulus. The secant endpoints were the endpoints of 50 and 40% of ultimate stress [24] . Note that the values reported in the table represent the averages of all the six specimens in each group and all the error percentages for each group were lower than 3%.
Influencing Factors on Tensile Mechanical Properties of Sprayed FRP
Fiber Type.
Carbon fiber, glass fiber, and basalt fiber were used, respectively, to make sprayed FRP in the study, and their tensile performances were different. As is shown in Table 3 , C-1, B-1, and G-1 are made of different fibers but the same resin 901 and other influencing factors are all the same. So, these 3 groups can be used to compare the effect of different fiber types using resin 901. In the same way, C-2, B-2, and G-2 are made of different fibers but the same resin 169 and other influencing factors are all the same too. So, these 3 groups can be used to compare the effects of different fiber types using resin 169. As is shown in Table 4 , C-1 using carbon fiber has the highest strength value of 105.4 MPa, and the strength of G-1 using glass fiber is 91.3 MPa, while B-1 using basalt fiber has the lowest strength value of 87.2 MPa. Among the 3 groups, C-1 also has the highest tensile elastic modulus value of 49.1 GPa, which is 54.4% higher than G-1 and 74.1% higher than B-1. As to breaking elongation, the case is just the opposite. B-1 has the highest value of 2.6%, which is 8.3% higher than G-1 and 23.8% higher than C-1.
For C-2, B-2, and G-2, the comparative results are similar to the above 3 groups. The strength value of C-2 is the highest 
(c) G-1 Figure 11 : Stress-strain relationship curves.
at 89.3 MPa and G-2 is the lowest at 75.2 MPa. The differences in tensile elastic modulus are more significant than the above 3 groups. The value of C-2 is up to 50.7 GPa, G-2 follows by 28.8 GPa, and B-2 is the minimum at 26.1 GPa. While the case of breaking elongation is also opposite, B-2 has the highest value of 3.1%, G-2 follows by 2.4%, and C-2 has the lowest value at 1.9%. According to the data in Table 4 , the effect of different fiber types on tensile properties of sprayed FRP is compared in Figure 12 . It can be seen that tensile strength and tensile elastic modulus of sprayed FRP using carbon fiber are higher than those sprayed FRP using glass fiber and basalt fiber, no matter what kind of resin is used. But the breaking elongation of sprayed FRP using carbon fiber is the lowest among the three. These indicate that the tensile performance of sprayed FRP is affected greatly by fiber type and the performance feature of sprayed FRP is always similar to the fiber used, which is in accordance with the conclusion of Lee [30] . It should be noted that the differences in the strength of sprayed FRP using glass and basalt fiber are very small with the maximum value of only 4.9%. and B-2, and G-1 and G-2, separately, which are different in resin type but the same in all other factors. C-1, B-1, and G-1 used vinyl ester resins. C-2, B-2, and G-2 used unsaturated polyester resins. As is shown in Table 4 , tensile strength of C-1 is 18.2% higher than C-2, B-1 is 6.3% higher than B-2, and G-1 is 21.4% higher than G-2. Regarding tensile elastic modulus, the values of C-1, G-1, and B-1 are also higher than those of C-2, B-2, and G-2. But, in the comparison of breaking elongation, the cases are different. The value of C-1 is 10.5% higher than C-2, the value of B-1 is 8.3% higher than B-2, and the value of G-1 is 20% lower than G-2.
Resin
The above results show that using vinyl ester resin as matrix and adhesive for sprayed FRP can get better tensile mechanical properties generally, which is similar to the result of Lee [30] . But it is worth noting that the breaking elongation of the sprayed FRP using glass fiber will be reduced when using this kind of resin. Table 3 , there are 4 groups of specimens used to study the effect of fiber volume ratio on tensile properties of sprayed FRP, which are G-3, G-1, G-4, and G-5, with a fiber volume ratio of 15%, 20%, 25%, and 30%, respectively. It can be seen from Table 4 that the tensile strengths of the 4 groups from high to low are G-1, G-3, G-4, and G-5, with a value of 91.3 MPa, 82.6 MPa, 80.3 MPa, and 67.7 MPa, respectively. The highest value of G-1 is 34.9% higher than the lowest one G-5. As to tensile elastic modulus, the differences of the 4 groups became very small. The differences between G-4 with the highest value and the other 3 groups ranged from 6.7% to 15.4%. In the case of breaking elongation, the highest value comes from G-4 too, which is 56.3% higher than that of G-5 with the lowest value.
Fiber Volume Ratio. From
From the data in Table 4 , Figure 13 was drawn to compare the effects of different fiber volume ratios on tensile properties of sprayed FRP. It shows that there will be a specific value of fiber volume ratio that can lead to a maximum value of a tensile property. And when the ratio is lower than the specific value, the tensile property value will increase with the increase of volume ratio. While the fiber volume ratio is higher than the specific value, the case is just the opposite. This is because when the fiber volume ratio is low, there will be more fibers participating in bearing tensile stress with the increase of ratio, which results in an increase of tensile capacity of sprayed FRP. While the ratio is higher than the specific value, fibers will be too much, and thus the resin around the fibers will not be enough to transfer and balance the stress of fibers effectively, which will lead to partial failure in some fibers or resins earlier and make the tensile property reduced. Table 3 , there are 4 groups of specimens used to study the effect of fiber length on tensile properties of sprayed FRP, which are G-6, G-7, G-1, and G-8, with a fiber length of 15 mm, 20 mm, 30 mm, and 40 mm, respectively. From Table 4 , tensile strengths of the 4 groups from high to low are G-8, G-1, G-7, and G-6, with a value of 101.2 MPa, 91.3 MPa, 87.1 MPa, and 78.1 MPa, respectively. For tensile elastic modulus, the highest value also belongs to G-8, which is 41.3% higher than the lowest one G-6. As to breaking elongation, the highest value is 2.4% which comes from G-8 and G-1, followed by 2.2% from G-7, and the lowest one is 2.1% from G-6.
Fiber Length. From
The relationship curves of tensile stress and strain of the 4 groups are compared in Figure 14 . It shows that the longer fiber can bear more stress than the shorter ones when tensile strain is the same, which is in accordance with Boyd's result [24] . This can be explained as the longer length fibers can obtain a larger bonding area with resins, and thus the bonding effect will be better than the shorter ones, which can lead to better tensile properties. Table 3 , there are 2 groups of specimens used to study the effect of composite thickness on tensile properties of sprayed FRP, which are G-1 with a 4 mm thickness and G-9 with a 7 mm thickness.
Composite Thickness. From
From Table 4 , the tensile strength of G-1 is 91.3 MPa and that of G-9 is 66.1 MPa. The tensile elastic modulus of G-1 is 31.8 GPa and that of G-9 is 23.7 GPa. As to breaking elongation, G-1 is 2.4% and G-9 is 1.9%. It is shown that tensile strength, elastic modulus, and breaking elongation will all be reduced with the increase of composite thickness. This is because the initial defects in sprayed FRP materials will become more with the increase of composite thickness, which will lead to degradation of tensile properties.
Specimen Cutting Orientation.
All the specimens were cut from the sprayed FRP plate in three different orientations, which is shown in Figure 5 . As mentioned before, all the error percentages for each group in Table 4 were lower than 3%, so there was not any obvious difference in tensile properties of the specimens in different cutting orientations in each group. Comparing the Poisson ratios of the 13 groups of specimens in Table 4 , most values are close to the average value of 0.25. The above results indicate that the sprayed FRP composite can be seen as an isotropic material.
Summary and Conclusions
This paper has studied the tensile properties of sprayed FRP through tensile experiments of 13 groups of specimens, which include tensile strength, elastic modulus, breaking elongation, and Poisson ratio. The effects of several influencing factors are compared too. The following conclusions are drawn:
(1) Fiber type has an important influence on tensile properties of sprayed FRP material. The composites made of carbon fiber have higher values of tensile strength and elastic modulus than those made of glass fiber or basalt fiber, while the breaking elongation of carbon fiber composites is lower. The results equate the tensile properties of the three types of fibers.
(2) The test results of the 2 resins used in this paper show that using vinyl ester resins to make sprayed FRP can get better tensile properties than using unsaturated polyester resins generally. But the breaking elongation of glass fiber specimens using vinyl ester resins is lower compared with using unsaturated polyester resin.
(3) There will be a specific value of fiber volume ratio for every kind of sprayed FRP material, which can lead to the highest value of a tensile property. Less or more than this volume ratio can make the tensile property of this sprayed FRP degrade.
(4) The increase of fiber length can make the tensile properties of sprayed FRP better, while the increase of composite thickness will lead to property degradation.
(5) Cutting orientation of sprayed FRP specimens has no obvious influence on tensile properties and the Poisson ratios are almost the same for all the specimens, which shows that sprayed FRP can be looked at as a kind of isotropic material.
